Although visible and near-infrared reflectance spectra contain absorption bands that are characteristic of the composition and structure of the absorbing species, deconvolving a complex spectrum is nontrivial. An improved approach to spectral deconvolution is presented here that accurately represents absorption bands as discrete mathematical distributions and resolves composite absorption features into individual absorptions bands. The frequently used Gaussian model of absorption bands is first evaluated and shown to be inappropriate for the Fe 2+ electronic transition absorptions in pyroxene spectra. Subsequently, a modified Gaussian model is derived using a power law relationship of energy to average bond length. This modified Gaussian model successfully depicts the characteristic 0.9-}xrn absorption feature in orthopyroxene spectra using a single distribution. The modified Gaussian model is also shown to provide an objective and consistent tool for deconvolving individual absorption bands in the more complex orthopyroxene, clinopyroxene, pyroxene mixtures, and olivine spectra. The ability of this new modified Gaussian model to describe the Fe 2+ electronic transition absorption bands in both pyroxene and olivine spectra strongly suggests that it be the method of choice for analyzing all electronic transition bands. A more general method of spectral deconvolution is presented here, which resolves spectra into individual absorption bands by representing these absorption bands with discrete mathematical distributions. Use of this quantitative deconvolution method for a spectrum of an unknown material is dependent only the spectrum itself. It thus provides an objective and consistent tool for examining the individual absorption bands in spectra. Interpretation of the resultant absorption bands can then be made based on independent empirical and/or theoretical studies. Spectra of pure mineral separates of olivine, pyroxene, and mixtures of pyroxenes were obtained in order to tesl 6955 
these deconvolution methods.
The Gaussian model of absorption bands is discussed and evaluated in detail in the following sections. Although it has commonly been invoked, the Gaussian model proves to be an inadequate description of the electronic transition absorptions found in pyroxene spectra. Subsequently, a modified Gaussian model is derived and shown to successfully model the electronic transition absorptions in pyroxene, pyroxene mixtures, and olivine spectra. Preliminary results from this study were presented by Sunshine et al. [1988, 1989] .
GAUSSIAN MODEL OF AB SORttriON BANDS AND ITS ASSUMIrrIONS
The underlying assumption of the Gaussian model is that absorption features observed in visible and near-infrared spectra are composed of absorption bands which are inherently Gaussian in shape. Roush and Singer [1986] , at the very least a Gaussian deconvolution should produce a unique fit for a given mineral (under certain reasonable restraints) and thus, even if not physically realistic, could provide a useful aid in the analysis and classification of absorption features.
Under the central limit theorem of statistics, a Gaussian, or normal distribution, can be used to represent all random distributions given a large enough sample population. A Gaussian distribution in a random variable x, g(x), is expressed in terms of its center (mean) /A, width (standard deviation) •, and strength (amplitude) s:
g(x)=s. exp{ -(x-11)2 } 2CY 2
In order to apply the central limit theorem to spectra, the various electronic and vibrational processes that cause absorption bands must each be randomly distributed in a random variable x and result from a statistically significant number of events. There are a sufficient number of photons in incident electromagnetic radiation to satisfy the assumption of a large sample population. Randomness, however, is more difficult to justify but has been assumed tc occur due to the effects of thermal vibrations and/or minox variations in crystal structures. On the basis of the examination of absorption bands in transmission spectra, it has commonly been assumed that absorption bands are distributed around discrete energies [e.g., Farr et al., 1980; McCord et al., 1981] . If each of these assumptions hold, the probability of an absorption can be considered to be randomly distributed in energy and an absorption band can be modeled with a Gaussian distribution (equation (1)), where the random variable x is energy.
In transmission spectra, absorption bands not only occur around discrete energies but also obey the Beer-Lambert law:
where {z is the absorption coefficient and d is the optical path length. At visible and near-infrared wavelengths, absorption bands in reflectance spectra are expected to behave similarly because the absorptions primarily occur as radiation is transmitted through the solid particles. In order to represent mathematically the reflectance spectra as linea• combinations of absorption bands that occur around discrete energies, it is necessary to carry out the Gaussian model of absorption bands in natural log reflectance and energy. Reflectance spectra of pyroxene and olivine were used to assess the validity of each deconvolution model. These minerals were selected for analysis due to their relative abundance among the rock-forming minerals of the solar system and their well described spectral character [Burns, 1970a, b; Adams, 1974 Adams, , 1975 Hazen et al., 1978; Rossman, 1980] . As seen in Figure 1 , the spectrum of olivine is dominated by a complex absorption centered near 1.0 gm, while the pyroxene spectrum is dominated by its characteristic absorption features near 1.0 and 2.0 gm. In both cases, these absorptions are produced by spin-allowed electronic transitions of Fe 2+ in distorted octahedral (M1 and M2) crystal field sites [Burns, 1970a] . Furthermore, the centers of the characteristic pyroxene absorption bands systematically vary with increasing iron and calcium concentration from 0.90 to 1.05 gm and 1.80 to 2.30 gm, respectively [Adams, 1974; Hazen et al., 1978] and thus can be use to infer pyroxene composition.
The samples used in this initial study are an enstatite from Webster, North Carolina (Opx), a clinopyroxene from a Hawaiian volcanic bomb (Cpx), and an olivine from Hawaiian green beach sand (located near South Point). The compositions of these minerals are given in Table 1 . Handpicked mineral separates of these samples were crushed and wet-sieved with ethanol into 45-75 }•m particle size separates. In addition, seven mass fraction mixtures of the two pyroxenes were created. Spectra of the olivine, the pyroxenes, and the pyroxene mass fraction mixtures were obtained from 0.325 to 2.600 }•m at 5 nm sampling resolution using the RELAB bidirectional spectrometer and are shown in Figures 1 and 2 . The RELAB instrument is specifically designed to simulate, in the laboratory, the viewing geometries used in remote measurements [Pieters, Analysis of these spectra was made possible by the On the basis of the Gaussian deconvolutions of these two pyroxene end-member spectra, each of the seven mass fraction pyroxene mixture spectra are modeled using Gaussian distributions with centers fixed at the wavelengths determined for the pure orthopyroxene and clinopyroxene end-members. Although each end-member spectrum consists of nine Gaussians, the first four distributions occur at very similar wavelengths for both end-members. These centers are too close to distinguish in the mixture spectra and as Figure 14 are the strengths and band centers of the primary absorption bands derived for the entire suite of pyroxene mixture spectra. The band centers for each sample spectrum are determined independently yet occur at almost identical wavelengths for all mixture spectra. In addition, there is a monotonic variation in band strength which corresponds to the modal mineralogy of the sample. It should be noted that, unlike the Gaussian analysis, the modified Gaussian fits to the pyroxene mixture spectra are not constrained to have the bands centers occur at the same wavelengths as those found for the spectra of the pyroxene end-members. The fact that the bands centers of the mixture spectra are consistent with the bands centers of the two pyroxene end-member spectra lends further credence to the model.
On the basis of the success of the modified Gaussian model of electronic transition absorption bands in pyroxene spectra, a similar approach was applied to the more complex electronic transitions in olivine spectra. Given the overlap of absorptions in the olivine spectrum, it is not surprising that the olivine spectrum is also easily fit with modified Gaussian distributions (Figure 15 ). Yet, as can be seen by comparing the Gaussian and modified Gaussian models of the olivine reflectance spectrum (Figures 3 and 15 Since absorption band assignments provide information about the nature of absorption sites, it is of the utmost importance that the correct deconvolution technique be used to describe absorptions in crystals. The ability of the modified Gaussian model to describe the absorption bands in both pyroxene and olivine spectra strongly suggests that it be the method of choice for analyzing electronic transition bands.
The success of the modified Gaussian model for electronic transition absorption bands is quite encouraging. It provides an objective and consistent method for deconvolving individual absorption bands from the spectra of pure samples and mixtures; as such, the analytical capacity of the modified Gaussian model has great potential. It can provide an invaluable too1 for quantifying compositional trends from laboratory data and in identifying mineral constituents in remotely acquired spectra.
Although this study has shown that the Gaussian model is an inadequate description of electronic transition absorption bands, models for other absorption phenomena must be critically evaluated and, if necessary, alternate models must be derived.
As is the case for the modified Gaussian model of electronic transition absorption bands, formulation of new models will undoubtedly focus on the determination of the random variable of absorption and how it relates to energy.
APPENDIX: MATHEMATICS OF THE GAUSSIAN MODEL
Mathematically, the Gaussian model of spectral convolution can be described by a nonlinear least squares analysis. The details of this procedure have been adapted for reflectance spectra based on the mathematics outlined by Kaper et al. [1966] .
A spectrum, the percent reflectance measured at rn discrete wavelengths, is first defined as a discrete function, y(x/c ), k=l to rn (A1)
The spectrum is then approximated as a superposition of Gaussian distributions with each individual Gaussian, g(xk) i . 
